BACKGROUND: Radiotherapy for breast cancer reduces disease recurrence and breast cancer mortality. However, it has also been associated with increased second cancer risks in exposed sites. METHODS: We evaluated long-term second cancer risks among 182 057 5-year survivors of locoregional invasive breast cancer diagnosed between 1973 and 2000 and reported to US NCI-SEER Program cancer registries. Multivariate Poisson regression was used to estimate the relative risk (RR) and excess cases of second cancer in women who had surgery and radiotherapy, compared with those who had surgery alone. Second cancer sites were grouped according to doses received from typical tangential breast fields. RESULTS: By the end of 2005 (median follow-up ¼ 13.0 years), 15 498 second solid cancers had occurred, including 6491 contralateral breast cancers. The RRs for radiotherapy were 1.45 (95% confidence interval (CI) ¼ 1.33 -1.58) for high-dose second cancer sites (1 þ Gy: lung, oesophagus, pleura, bone and soft tissue) and 1.09 (1.04 -1.15) for contralateral breast cancer (E1 Gy). These risks decreased with increasing age and year of treatment. There was no evidence of elevated risks for sites receiving medium (0.5 -0.99 Gy, RR ¼ 0.89 (0.74 -1.06)) or low doses (o0.5 Gy, RR ¼ 1.01 (0.95 -1.07)). The estimated excess cases of cancer in women treated with radiotherapy were as follows: 176 (95% CI ¼ 69 -284) contralateral breast cancers or 5% (2 -8%) of the total in all 1 þ year survivors, and 292 (222 -362) other solid cancers or 6% (4 -7%) of the total. CONCLUSIONS: Most second solid cancers in breast cancer survivors are not related to radiotherapy.
Substantial improvements in breast cancer treatment and screening signify that nearly 90% of women diagnosed with breast cancer survive for 45 years (Berry et al, 2005; Ries et al, 2008) . Currently, an estimated 2.5 million breast cancer survivors live in the United States (Ries et al, 2008) , and the long-term health of these women is an important public health issue. A recent descriptive analysis of Surveillance Epidemiology and End Results Program (SEER) cancer registries found that breast cancer survivors have an 18% higher risk of developing a subsequent cancer compared with the general population . Shared environmental and genetic factors are likely to be involved, but some of the increased risk is probably a late adverse effect from the cancer treatments such as radiotherapy . Randomised trials and cancer registry-based studies have shown that radiotherapy significantly reduces the risk of recurrence and breast cancer mortality, and also increases the risk of second cancers of the lung, oesophagus, soft tissue, contralateral breast and leukaemia (Huang and Mackillop, 2001; Gao et al, 2003; Zablotska and Neugut, 2003; Clarke et al, 2005; Zablotska et al, 2005) .
Surveillance Epidemiology and End Results Program registries cover the largest population of any national cancer registries and contain information on radiotherapy treatment, tumour characteristics and have long-term follow-up. In this study, we performed the first systematic evaluation of all second solid cancer risks after radiotherapy treatment for invasive breast cancer in the United States using the SEER databases. The large sample size and longterm follow-up enabled evaluation of patterns of effect modification, estimation of the number of excess cases and the proportion of second solid cancers occurring among breast cancer survivors that might be attributable to radiotherapy.
MATERIALS AND METHODS

Population and follow-up
The cohort was composed of women who were diagnosed with a first primary invasive locoregional breast cancer reported to one of the nine SEER registries between 1 January 1973 and 31 December 2000 (n ¼ 328 691). As there is at least a 5-year lag period between radiation exposure and solid cancer induction (BEIR VII, 2005) , we excluded 103 235 women who did not survive for 5 years. The follow-up time for second cancers began 5 years after the date of initial cancer diagnosis and ended at the date of diagnosis of second primary cancer, at last known vital status, death or at the end of the study (31 December 2005), whichever occurred first. As underreporting of second cancers has been noted to occur among elderly patients who frequently have other comorbid conditions (Fraumeni et al, 2006) , we excluded women whose first breast cancer was diagnosed after the age of 75 years (n ¼ 33 214) and restricted follow-up to attained ages o80 years. We also excluded women if it was unknown whether they had received radiotherapy (n ¼ 352), chemotherapy (n ¼ 1273) or hormonal therapy (n ¼ 1304); women who did not have breast cancer surgery or if surgery was unknown (n ¼ 4848) and women who had distant metastases at diagnosis or unknown disease stage (n ¼ 7853). As a number of women were missing more than one piece of information, the final cohort included 182 057 women.
Treatment information
Women were classified according to whether they had received radiotherapy as part of their initial breast cancer treatment. Surgery was classified as mastectomy (total, modified radical, extended radical mastectomy) or breast-conserving surgery (partial mastectomy, lumpectomy, wedge resection, quadrantectomy, segmental mastectomy, tylectomy, subcutaneous mastectomy). Before 1983, the type of surgery performed was not available in SEER, but as breast-conserving surgery was rare, surgery before this date was assumed to have been mastectomy. The effects of chemotherapy and hormonal therapy were not assessed directly because of concerns regarding underascertainment in SEER (Brown et al, 2000) , but the relative risks (RRs) for radiotherapy were adjusted for chemotherapy and hormonal therapy treatment.
We grouped second cancer sites a priori into three dose groups according to the estimated mean organ dose from the basic breast cancer radiotherapy treatment involving tangential fields: high (1 þ Gy), medium (0.5 -0.99 Gy) and low (o0.5 Gy) dose. This dosimetry was conducted using thermoluminscent dosimeters in tissue equivalent phantoms assuming a standard treatment protocol with 50 Gy tumour dose and beam energy of 6 MV photons (Appendix A) (Stovall et al, 2006; Stovall et al, 2008) . Ipsilateral second breast cancers were excluded because of the difficulty in distinguishing between recurrence and subsequent primary cancer.
Statistical analysis
The observed (O) number of second cancers for each site was compared with the expected (E) number in women in the general population. The expected number of second cancers was estimated by multiplying age-, sex-, race-and calendar-period-specific cancer incidence rates in the nine SEER registries by stratumspecific person-years at risk and then summing across strata (Seer*stat, version 6.4.4). Standardised incidence ratios (SIRs) were calculated by dividing the observed number of cancers (O) by the expected number (E). Tests of statistical significance were two sided and were based on Poisson exact methods (Liddell, 1984) .
Multivariate Poisson regression analysis (using Epicure, 2007) was used to estimate the RR (and 95% confidence intervals (CI)) for the groups of second solid cancers (defined above according to dose) after radiotherapy and surgery compared with surgery alone, with the expected number of second cancers used as an offset. If O r and E r indicate the number of observed and expected cancers, respectively, in the surgery þ radiotherapy (r ¼ 1) and surgery alone (r ¼ 0) groups, then the statistical expectation of O r is given by O r ¼ yE r ½1 þ br where y and b are parameters to be estimated and 1 þ b is the RR associated with radiotherapy. The use of the expected number of cancers as an offset indirectly adjusts for potential confounding by attained age and attained calendar period (Yasui et al, 2003) . Analyses were additionally adjusted for breast cancer stage, age at and year of breast cancer diagnosis, chemotherapy and hormonal therapy treatment (yes/no) through stratification. Trend tests were conducted using ordinal categories as continuous variables.
We investigated potential effect modifiers by stratification, including age at, year of and time since first cancer diagnosis, as well as stage and type of surgery (breast-conserving vs mastectomy). As the majority of women who receive breast-conserving surgery are recommended to receive radiotherapy, the proportion of women who had this type of surgery without radiotherapy in SEER was relatively small (17%), and this subgroup is unlikely to be a representative subset of breast cancer patients. Therefore, to obtain stable risk estimates in subgroup analyses according to surgery type, we used a combined surgery-only comparison group that included both breast-conserving surgery and mastectomy patients. Tests for heterogeneity between surgery types took account of the lack of independence of the comparison group (Berrington and Cox, 2003) .
The number of excess cancers related to radiotherapy was estimated as the number of cases in those treated with radiotherapy minus the estimated number of cases that would have occurred in these women if they had not received radiotherapy. The proportion of second cancers attributable to radiotherapy was estimated by dividing this excess by the total number of second cancers in both 1 þ and 5 þ year survivors. Although it is unlikely that there are any radiation-related cancers before 5 years, the attributable risk among all survivors (defined here as 1 þ years) is the most relevant summary statistic for all breast cancer survivors. The excess absolute risk (per 10 000 person-years) was estimated by dividing the excess by the associated number of person-years.
RESULTS
Overall, 38% of women with breast cancer had surgery þ radiotherapy and 62% were treated with surgery alone (Table 1) . Radiotherapy was slightly less common in those who were older at diagnosis, was increasingly common over time and was more frequent in those who received breast-conserving surgery. Within categories of surgery type, stage was related to treatment with radiotherapy, particularly after mastectomy, in which radiotherapy was more common after regional than after localised disease (27 vs 8%).
The women were followed up for an average of 13 years. During the follow-up period (1978 -2005) , a total of 15 498 women developed a second primary solid cancer, including 6491 contralateral breast cancers (Table 2 ). Women treated with surgery þ radiotherapy had a higher risk of several second solid cancers compared with the general female population, with more than two-fold SIRs observed for oesophageal, pleural, bone, soft tissue and contralateral breast cancer. These sites typically receive doses from radiotherapy of 1 Gy or more (Appendix A). The adjusted RRs for surgery þ radiotherapy, compared with surgery alone, were 1.09 (1.04 -1.15) for contralateral breast cancer, 1.45 (95% CI ¼ 1.33 -1.58) for high-dose, 0.89 (0.74 -1.06) for mediumdose and 1.01 (0.95 -1.07) for low-dose sites.
For sites in the high-dose group, the RR for surgery þ radiotherapy, compared with surgery alone, decreased with increasing age at treatment (P-trendo0.001) and with increasing year of treatment (P-trend ¼ 0.01), but increased with increasing time since diagnosis (P-trendo0.001) ( Table 3) . For patients diagnosed with breast cancer in 1983 or later, the risks were higher after mastectomy (RR ¼ 1.50, 95% CI ¼ 1.22 -1.82) than after breastconserving surgery (RR ¼ 1.28, 95% CI ¼ 1.14 -1.43), but the difference was not statistically significant (P40.5).
We further examined the risks for specific sites within the highdose group that had the largest number of cases: lung, oesophagus and soft tissue. The RR of lung cancer was significantly increased (RR ¼ 1.38 (95% CI ¼ 1.26 -1.51)) and was higher for ipsilateral than for contralateral lung cancer (1.54 (1.36 -1.75) vs 1.18 (1.02-1.35)). For patients diagnosed with breast cancer in 1983 or later, lung cancer risk was higher after mastectomy (RR ¼ 1.43 (95% CI ¼ 1.15 -1.77)) than after breast-conserving surgery, but was still significantly elevated (RR ¼ 1.20 (1.07 -1.36)). For oesophageal cancers, the RR was 1.99 (1.37 -2.88), and there was no difference according to surgery type. Overall, the risk for soft tissue cancers was 2.52 (1.67 -3.81), but it was especially highly elevated for angiosarcomas (RR ¼ 13.7 (4.0 -95.6)). The majority of angiosarcomas diagnosed in women who had surgery þ radiotherapy were located in the thorax (n ¼ 12 out of 16).
The RR for contralateral breast cancer in women who had surgery þ radiotherapy, compared with those who had surgery alone, decreased with increasing age at first breast cancer treatment (P-trend ¼ 0.03, Table 4 ). The RR was lower for cancers treated after 1993 (P-trend ¼ 0.02), but was not clearly associated with time since treatment, stage or type of surgery.
In total, there were an estimated 176 (95% CI ¼ 69 -284) excess cases of contralateral breast cancer in women who had surgery þ radiotherapy, or 5% (95%CI ¼ 2 -7%) of the contralateral breast cancers diagnosed in 1 year survivors (Table 5 ). The excess absolute risk of contralateral breast cancer associated with radiotherapy was 2 (1 -4) cases per 10 000 person-years. There were an estimated 292 (95% CI ¼ 222 -362) excess cases of solid cancers (other than contralateral breast cancer) in women who had radiotherapy, or 6% (3 -8%) of the total in 1 year survivors (Table 5 ). The excess was largely composed of cancers of the lung (B80%). The excess absolute risk for these cancers associated with radiotherapy was 4 (3 -5) cases per 10 000 person-years. When considering only 5 þ year survivors, the attributable risk estimates were slightly higher: 8% (3 -14%) for contralateral breast cancer and 10% (5 -14%) for other solid cancers.
DISCUSSION
In this large long-term study of breast cancer survivors, significantly increased RRs of second solid cancers after radiotherapy were observed for the group of sites that typically receive the highest radiation exposure (X1 Gy). There was no overall excess risk for the group of sites that typically receive lower radiation exposures (o1 Gy). In total, it was estimated that about 5% (95% CI ¼ 2 -7%) of contralateral breast cancers and 6% (3 -8%) of other solid cancers occurring among 1 þ year survivors could be related to radiotherapy. Risks were generally lower for more recent treatment periods and higher for younger ages at treatment.
To our knowledge, this is the first study to assess and quantify the long-term risk of all solid cancers after breast cancer radiotherapy in the United States. Our site-specific results were broadly similar to those from a pooled analysis of 63 randomised clinical trials of breast cancer radiotherapy and several observational studies. In these studies, there was evidence of increased risks of lung (Zablotska and Neugut, 2003; Roychoudhuri et al, 2004; Clarke et al, 2005; Darby et al, 2005; Andersson et al, 2008; Schaapveld et al, 2008) , oesophageal (Zablotska and Neugut, 2003; Roychoudhuri et al, 2004; Clarke et al, 2005) and contralateral breast cancer (Gao et al, 2003; Roychoudhuri et al, 2004; Clarke et al, 2005) , as well as soft tissue sarcomas (Huang and Mackillop, 2001; Clarke et al, 2005; Andersson et al, 2008) , in women treated with radiotherapy compared with unirradiated women. In the pooled analysis of clinical trials , the authors did not estimate attributable risks, but it was possible to estimate them on the basis of the data presented. Overall, about 8% of total cancers were attributable to radiotherapy, slightly higher than the estimate from this study.
Our results suggested that, in general, radiation-related risks were lower among women treated in more recent years (1993 þ ). This is likely the result of several factors, including reduced volume of irradiated tissues such as the lung, since the introduction of computed tomography planning (Muren et al, 2002; Wang and Harris, 2004; Van der Laan et al, 2008) , and also because of shorter available follow-up time. Another factor that probably contributed to this trend was the increasing use of breast-conserving surgery. Although detailed treatment information was not available in SEER, women who received mastectomy probably received supraclavicular, and possibly also internal mammary irradiation, more often than women who had breastconserving surgery, which would increase doses (Appendix A). In an earlier analysis of lung cancer risk after breast cancer radiotherapy in the SEER registries, it was suggested that there was no increased risk of lung cancer in women who had breastconserving surgery (Zablotska et al, 2005) . We used a combined comparison group of women who had surgery only (mastectomy or breast-conserving surgery) in the current analysis to obtain a broader, more representative referent group of women not treated with radiotherapy. Using this approach, there was evidence of a small, but significantly increased, risk of lung cancer and other cancers in high-dose regions after breast-conserving surgery. In terms of absolute numbers and fatality, lung cancer is by far the most important second cancer after breast cancer, hence it remains important to continue to monitor lung cancer risks after current radiation treatment protocols, taking into account smoking history (Prochazka et al, 2005; Kaufman et al, 2008) .
Three earlier studies with individual dosimetry have reported an increased risk of contralateral breast cancer after radiotherapy in the youngest patients (oage 45) (Boice et al, 1992; Hooning et al, 2008; Stovall et al, 2008) . This is consistent with the wellestablished modifying effects of age at radiation exposure; risk decreases with increasing age at exposure and is particularly low in post-menopausal women (Preston et al, 2002) . This study and two earlier investigations (including the pooled analysis of clinical trials; Gao et al, 2003; Clarke et al, 2005) found an elevated risk of contralateral breast cancer after radiotherapy following young age at exposure, and also among post-menopausal women.
Given the large number of post-menopausal breast cancer patients treated with radiotherapy, this is another question that warrants further study. Although we found no difference in contralateral breast cancer risk in women who had radiotherapy after mastectomy compared with those who underwent breast-conserving surgery, a recent Dutch study reported lower risks after mastectomy (Hooning et al, 2008) . However, the majority of women in the Dutch study who had mastectomy were treated with electrons rather than with photons, which should result in a lower radiation dose to the contralateral breast and is the most likely explanation for the difference in findings.
There are several limitations in the use of SEER cancer registries to evaluate treatment-related second cancer risks. One limitation is the potential for loss to follow-up if a patient moves from the registry area, which would result in an underestimation of the absolute number of second cancers and hence the excess absolute risk estimates. However, mortality data are complete and comparisons of our results for lung cancer incidence with an earlier study of these women evaluating lung cancer mortality produced similar results, suggesting that this bias is likely to be small . Furthermore, the estimated attributable fraction should be valid, unless loss to follow-up is greater in one treatment group than in the other. Radiotherapy may be underreported in SEER because only information pertaining to the initial treatment course is collected (Malin et al, 2002) . Since type of surgery was only recorded in SEER after 1983, we assumed that all breast cancer surgery before that time was mastectomy. This assumption undoubtedly resulted in misclassification, which most likely reduced the RR in the mastectomy group. Lack of individual data on actual treatment fields used also meant that we had to use general dose groupings based on typical organ doses from basic treatment fields. Even though individual organ doses would vary if additional fields were used, we think that it is unlikely that the rank order of organs, and hence our dose groupings, would change significantly. This can be observed in Appendix A for the use of tangential fields þ supraclavicular fields.
As radiation treatment was not randomised, selection bias could result in differences between treatment groups with regard to smoking status and other variables that affect second cancer risk. Information on other potential confounding factors such as smoking is usually not available in cancer registry studies. The patterns of risk we observed were consistent with the general literature on radiation carcinogenesis, in that risks were higher for sites that should have received higher doses and also higher for younger ages at exposure (Preston et al, 2007) . Furthermore, our Table 3 Risk of subsequent primary solid cancer at highly exposed sites (41 Gy: oesophagus, pleura, lung, bone, connective tissue) after invasive locoregional breast cancer in 5-year survivors (SEER 9 registries: 1973 (SEER 9 registries: -2005 Comparison group of surgery only was on the basis of breast conserving surgery and mastectomy combined. c Estimated using methods that account for shared comparison group (Berrington and Cox, 2003) . findings were similar to the results from randomised clinical trials (Deutsch et al, 2003; Clarke et al, 2005) , suggesting that any residual confounding is unlikely to have been substantial. If anything, residual confounding by smoking may have resulted in an underestimation of risks if smokers were less likely to receive radiotherapy than non-smokers.
The strengths of this study include the large size of the populationbased cohort and long-term follow-up, which enabled the evaluation of relatively small RRs. We also conducted multivariate analyses to ensure that we controlled for the available confounding factors, including other breast cancer treatments and stage. This, plus the assessment of all second solid cancer sites in a single study, enabled the examination of effect modification by age and year of diagnosis, as well as estimation of the excess number and attributable proportion of second cancers that could be related to radiotherapy.
Most of the women in this study were treated in the past (o1990), and breast cancer treatment and radiotherapy techniques have changed considerably over the past three decades (Shank et al, 2000; Taylor et al, 2007) . Indeed, our estimates of RRs were lower in those treated in more recent calendar years, and thus the combined results may overestimate risks for current treatment.
Overall, 5 -6% of second solid cancers in irradiated women were estimated to be attributable to radiotherapy exposure. Among all breast cancer survivors, this figure was 3%. Our findings suggest that most second solid cancers after treatment for breast cancer are related to other risk factors such as lifestyle or genetic factors. When women and their physicians make treatment decisions, the risk of radiotherapy-related cancer needs to be placed in perspective and balanced with the known tumour control and mortality benefits achieved from treatment. Analyses assume a 5 þ -year minimum latent period for radiation-related solid cancers and, therefore, no excess cancers related to radiation would occur in the 1 -5-year interval. Therefore, only the denominator (total second cancers) changes in the two analyses.
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